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Abstract
This paper focuses on the e↵ects of a pion degrader for the Mu2e
experiment at Fermilab. The Mu2e experiment will be sending a beam of
negatively charged pions and muons into an aluminum (Al) target in order
to observe the decay of muons directly into electrons without emitting
any neutrinos, which would be an example of Charged Lepton Flavor
Violation (CLFV). In order to detect the presence of CLFV decays, the
energy of the electrons leaving the target material must be found and
measured as accurately as possible. We will calibrate the energy with
positive pions that stop in the target, and allowing them to decay into
positrons of well-known momentum. Using this known process, we can
correctly scale our detectors and describe the amount of energy lost while
exiting the target material. In order to stop pions, however, we must first
reduce their kinetic energy into an acceptable range before they strike the
target. A pion energy degrader will be constructed to accomplish this
e↵ect, stripping a portion of the kinetic energy of the pions, as well as
reducing the number of muons allowed to strike the target, which add
extra background noise to the pion decay measurement. A comprehensive
study of the e↵ect of an aluminum degrader on the energy of pions and
muons using Monte Carlo simulations will be provided in this report.

1

Introduction

For the last half century, the Standard Model of particle physics has guided much
of our understanding of subatomic particle interactions. In more recent years,
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however, physicists around the world have noticed phenomena that distinctly violate certain principles of the Standard Model. One of these principles is lepton
flavor. In the standard model, there are three flavors of leptons, consisting of
electrons, muons, tauons, and each have corresponding neutrinos. The standard
model predicts that lepton flavor must be conserved, meaning in any interaction, the number of leptons of each flavor before the interaction must match the
number of leptons of each flavor that result. In the past, negatively charged
muons have been observed to decay in the following way, µ ! e + ⌫¯e + ⌫µ .
The number of particles of each flavor remains constant. In violation of this
principle, however, physicists have noted that neutrinos can oscillate between
flavors. This phenomenon is called lepton flavor violation (LFV), but has begged
another question [1]. Can charged leptons change flavor as well? Can a muon,
for example, decay directly to an electron without weak force interaction or
emitting a neutrino?
This is precisely the question that the Mu2e experiment at Fermi National
Accelerator Laboratory (Fermilab) hopes to answer. If Charged Lepton Flavor
Violation (CLFV) exists, it will challenge the Standard Model and our understanding of particle physics as a whole [2] [3].
The Mu2e experiment at Fermilab will search for a case where negatively
charged muons (µ ) decay directly into electrons (e ) without weak force interaction, in the presence of a nucleus, as µ ! e . The vast majority of muon
decays, however, produce electrons and neutrinos, making it difficult to tell tell
the di↵erence. In the Mu2e experiment, an 8 GeV proton beam incident on
a tungsten production target will create multiple particles, including pions [4],
which are known to decay into muons. These particles will pass through a collimator and into an S-shaped transport solenoid. The purpose of this solenoid
is to act as a sort of momentum selector. By creating a magnetic field of a
certain strength, charged particles will experience a force that directs them as
they travel through the solenoid. The magnetic field will be tailored so that only
particles of a particular momentum and charge will be able to make it through
the S-shaped curve, while particles of too great a momentum will strike the
sides of the transport solenoid. More specifically, only negatively charged pions,
muons, electrons, and some antiprotons will make it to the end of the solenoid.
Because positive and negative particles experience di↵erent forces in a magnetic
field, the positive and negative pions will also be separated. By placing a filter
in the solenoid, either positively or negatively charged pions will be allowed to
pass through the solenoid, depending on the filter’s orientation.
After passing through the solenoid, the beam will enter another region, called
the detector solenoid, housed inside the cosmic-ray veto (CRV). The CRV is
designed to reduce the background noise due to external cosmic rays as much
as possible, surrounding the detector solenoid, which is lined with cosmic ray
detectors on the outside. While travelling through the transport solenoid, many
pions will decay to muons. Many of these muons will then stop in the muon
stopping target in the detector region. The negatively charged muons will be
attracted to the positively charged nuclei of the target, forming µ Al atoms,
going into orbit around the nuclei and dropping downto the first orbital before
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decaying (called a decay in orbit, or DIO). Most of these muons decay to an
electron and several neutrinos, or are captured by the nucleus of the aluminum
atoms in the target. If the muons decay directly into electrons and nothing else,
the emitted electrons should have a momentum that is about equal to the mass
of a muon, which is about 105.66 MeV [4], though they will lose a small amount
of energy exiting the target material. A diagram of the apparatus is shown in
Figure 1.

Figure 1: A diagram of the apparatus to be used for Mu2e, provided by the
Fermilab Mu2e technical design report [4].
Before beginning, however, several uncertainties must be addressed. When
negatively charged muons collide with an aluminum target, some of the muons
will begin orbiting the positively charged aluminum nuclei before decaying
(DIO). Muon DIO can yield electrons with a large range of momentum, ranging
up to just below 105 MeV, though most have far lower momentum [5]. In a
study by Andrzej Czarnecki and others, they report electrons emitted through
DIO ranging up to 104.973 MeV [5], as shown in Figure 2. Because the maximum energy from DIO is very close to the momentum we will be looking for,
DIO is a primary source of background noise for the Mu2e experiment, as it
could give a false positive. Thus, it is vital to the success of mu2e that the
momentum scale used to measure the momentum of outgoing electrons be as
precise as possible. In fact, physicists at Fermilab predict that the momentum
scale will one of the largest sources of error in the experiment (as seen in section
3.6.1 of the Mu2e technical design report [4]).
In order to correct the momentum scale, a preliminary experiment will be
performed sending positively charged pions into the detector region, instead of
the negative pion beam (the ⇡ + phase). As positively charged pions collide
with the aluminum target, they will be stopped within the aluminum lattice,
repelled by the positively charged aluminum nuclei. After being stopped, the
pions will quickly decay. Most pions decay into muons, while some yield a monoenergetic positron and a neutrino. Because the pion is at rest, we know the
momentum of the resulting positron and neutrino must be equal and opposite,
each equal in magnitude to almost exactly half of the rest energy of the pion.
⇡
Thus, the momentum of the positron is given by Pe+ = M ass
= 139.570
M eV =
2
2
69.8M eV . Detecting these positrons of well known energy will allow the physics
3

Figure 2: Taken from Czarnecki et al. [5], the black line in this chart shows
the relative amount of electrons emitted by DIO for each energy, corrected for
atomic recoil. This figure shows that while the majority of electrons emitted
from DIO have lower energies, some can range up to just below 105 MeV, which
is very close to the energy Mu2e will be looking for.
team to calibrate the momentum scale. This stage will also help predict the
amount of energy loss electrons will experience travelling out of the stopping
target to the detectors, as the positrons will actually lose a small amount of
energy while exiting the aluminum target, thus arriving at the detectors with
an energy slightly below 69.8M eV . This energy di↵erence will also be part of
the momentum scale calibration.
It turns out that if positive pions are sent through the apparatus, the vast
majority do not actually stop in the aluminum target, but instead travel right
through it. To reduce the momentum of the incoming pions to an acceptable
range, a degrader will be built for the ⇡ + phase, which can be moved into the
beam. The parameters of this degrader are the focus of my study, while the
physical degrader itself will then be designed by a team of NIU mechanical engineers, notably Dr. Nicholas Pohlman (NIU faculty) and Jesse Miles (student
researcher). Figure 3 shows the degrader design and holder to be used. By
forcing the pions in the beam to pass through a sheet of graphite or aluminum,
the pions will lose enough energy that many more will be stopped in the target. Additionally, there will be muons in the pion beam as well, which creates
a large amount of background noise. A degrader will also stop a portion of
these muons from entering the detector region. Graphite and aluminum are
considered desirable materials for an energy degrader due to their low atomic
number and relatively low density, with the decision being made on engineering
considerations. The original plan had been to use graphite, but after collecting
some preliminary data, it was determined that we would need a graphite sheet
about 2.86 mm thick, which is not very feasible due to how brittle graphite is,
creating a high risk of fracturing during the experiment or handling. Using aluminum, the task is to determine what e↵ect the degrader’s shape and thickness
will have on the number of pions stopped in the target while keeping as many
4

muons out of the detector region as possible. In order to determine this, I must
devise a way to measure the energy loss of pions and muons travelling through
an aluminum sheet of a given thickness.

Figure 3: Designed by Jesse Miles with Dr. Nicholas Pohlman, the degrader will
be a small disc that can be moved in and out of the beam using the degrader
arm.
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Experimental Details

In order to study these relationships, a series of Monte Carlo simulations of
the Mu2e experiment will be run using the G4beamline software [6] (based on
Geant4) on the Northern Illinois Center for Accelerator and Detector Development (NICADD) server. Generally, a Monte Carlo simulation is a programmed
algorithm that repeats a sample or event a given number of times, predicting
the probability of various outcomes. Any parameters can be determined for the
simulation, such as the energy or type of particle entering the detector chamber,
as well as the density and thickness of the aluminum degrader. Virtual detectors
will also be placed at various points in the chamber to determine the energy of
particles as they pass through those detectors.
Initially, these simulations will be used to determine the kinetic energy a
given thickness of aluminum will stop, for both pions and muons. A relatively
simple process, pions will be sent into the chamber. The momentum of the
incoming pions will then be adjusted until they are at just a low enough energy
to be stopped by the degrader. The degrader thickness will then be changed,
and it will be determined again what kinetic energy the degrader will stop.
This process will be repeated for five di↵erent degrader thicknesses, ranging
from 2.45mm to 4.29mm, giving a relationship between thickness and maximum
kinetic energy stopped. The same procedure will be used for muons. I expect
that a given thickness of aluminum will stop higher momentum pions than
muons. For a given momentum, pions, being more massive than muons, have a
lower velocity. The slower pions therefore will lose energy faster than the faster
5

muons. During the data taking, however, the muons will be travelling at a lower
momentum on average than the pions. This is because the muons originate from
pion decay. This decay could be in any direction, thus the muons will have a
larger momentum range than the pions, but most of the muons will have a lower
momentum in the direction of the beam.
After determining the maximum stopping energy per aluminum thickness,
the precision of these measurements will be checked by comparing the data from
this experiment to accepted data. The particle data group (PDG) has published
the stopping energy of muons for various materials, including aluminum. If the
data from these simulations lines up well with the PDG’s accepted values, then
I can assume my calculations for pions is also relatively accurate, as well as
determine a margin of error.
My next step is to find the energy lost by pions and muons when their
initial energy is above the stopping kinetic energy. Therefore, for each thickness
I assessed in the previous part, I will run several simulations determining the
energy loss at three di↵erent energies above the stopping energy. This will help
me determine the relationship between energy loss and velocity when the pions
or muons are already passing through the material. Based on previous studies
of lepton energy loss in various materials [7], I expect that the energy loss is
inversely proportionally to the square of the incoming velocity of the particles,
provided the initial energy is above the stopping energy. In other words, the
higher the velocity of a particle is, the less energy it loses while passing through
a degrader of a given thickness. Though pion energy loss as a function of kinetic
energy has not been studied as thoroughly as for muons, it will likely follow a
similar trend.
Based on this data I can find the energy loss per thickness as a function of
the initial kinetic energy for both pions and muons, which will greatly inform
the decision for what thickness to use. After this determination, I will look at
the predicted range of kinetic energies of pions and muons that will be entering
the chamber in the actual mu2e experiment, which has been simulated by Dr.
David Hedin previously, performing simulations with a graphite degrader, with
consistent results, shown in Figures 4 and 5.
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Results and Discussion

Figure 6 summarizes the maximum stopping energy for pions and muons travelling through aluminum as a function of the thickness of the aluminum.
The chart illustrates that pions are ”easier” to stop for a given kinetic energy,
while muons require a greater thickness of aluminum to be completely stopped.
In the mu2e experiment, however, the pions will generally have a noticeably
larger momentum than the muons when entering the detector region. At this
point, the values were also cross-checked with accepted values. The PDG has
published the stopping distance of di↵erent energy muons in various substances
[8]. Using their data for muons stopping in aluminum, I was able to graph their
data alongside my own, shown in Figure 7.
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Figure 4: This histogram shows the momentum range of pions that will be
entering the detector during the mu2e experiment. The average is calculated at
67.24 MeV/c, with a range of about 40 to 85 MeV/c.

Figure 5: This histogram shows the momentum range for incoming muons varies
from about 10 to 90 MeV/c, with the mean value at 46.95 MeV/c.
It is reassuring that my data follows the same trend as the values found by
the PDG, though it is consistently above their values for stopping energies by
a small amount. Given the error parameters of the methods used to determine
stopping kinetic energy, the values calculated are within reason. I believe the
most probably explanation to the slight o↵set is the definition of the maximum
stopping energy. I defined the maximum stopping energy as the maximum
energy that can be stopped by a given thickness of material. The data published
by the PDG was measuring the average distance into a material a given energy
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Figure 6: The maximum kinetic energy stopped by a given thickness of aluminum, for ⇡+ and µ+. The di↵erence between the pion and muon maximum
stopping energy increases from left to right, starting about 1 MeV, going to
about a 1.5 MeV di↵erence for the largest aluminum sample.

Figure 7: My data clearly follows the same trend as the PDG data, though my
stopping energies are consistently about 1 MeV higher.
muon would travel.
This comparison helps determine error parameters for the data collected in
this experiment. Because the stopping kinetic energies determined using the
Monte Carlo simulations are consistently less than 1 MeV above those recorded
by the PDG, an error of 1 MeV is appropriate to use for the stopping energies
recorded, and error bars are applied to Figure 7 accordingly.
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Pion Energy Loss
After determining the stopping energy, I ran simulations with mono-energetic
pions above the stopping energy for each of the five thicknesses. I then created
a histogram of the kinetic energy of the particles both before and after the
degrader to determine the average energy loss. In order to ensure that I was
measuring the energy of particles that have passed straight through the degrader
without stopping, the second histogram only records particles that are within a
5mm radius of the center of the beam. Figure 8 shows an example of the before
and after histograms for a single trial with a 2.45mm thick degrader.

Figure 8: The initial kinetic energy of the pions is in the first histogram, at 9.70
MeV, which is slightly higher than the 9.37 MeV stopping kinetic energy for a
2.45 mm thickness aluminum degrader. In the second histogram, the average
kinetic energy is 1.68 MeV, meaning the pions lost about 8.02 MeV while passing
through the degrader.
While this chart gives initial and final values to the kinetic energy, it also
gives the root mean square (RMS), giving a reliable error value for the final
kinetic energy of the particles. After running these simulations at several different energies above the stopping energy, I could produce a chart of the energy
loss as a function of the initial kinetic energy for each degrader thickness used.
Figure 9 is one of these charts.
As theory suggests, the energy loss appears to be inversely proportional to
the initial energy of the particles for non-relativistic speeds. While this chart
is helpful, it does not help us compare di↵erent sample thicknesses, as each
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Figure 9: This chart illustrates the relationship between initial kinetic energy
and energy loss. The yellow line represents the stopping energy for pions in a
2.45mm Al sample. Pions with energies much greater than the stopping energy
lose less energy while passing through the degrader as compared to pions with
energies just above the stopping energy. Error is RMS of final kinetic energy,
note particles with higher energy loss have higher standard deviation.
thickness has a noticeably di↵erent stopping energy. It is useful, then, to plot
the energy loss per millimeter of Aluminum as a function of the kinetic energy
above the stopping energy. This chart, comparing the five thicknesses, is seen
in Figure 10.
While at first glance, Figure 10 may seem to suggest that the particles lose
the most energy when passing through the thinnest degrader sample, we must
keep in mind that the x-axis here does not represent initial kinetic energy, only
the energy above the stopping energy. The y-axis also does not represent total
energy loss, but energy loss per millimeter of thickness. Perhaps a more revealing
feature of this chart is the last set of data points for each line. All five of these
points had the exact same initial kinetic energy (21.25 MeV). While we can still
see that the thicker sample loses the most energy per millimeter of aluminum,
the five data points appear at almost the same position on the dE/dx axis,
suggesting that at greater energies, these particles lose about the same amount
of energy per millimeter, regardless of the overall thickness of the degrader. In
other words, the relationship between thickness and energy loss become more
linear for higher energy particles. A kinetic energy of 21.25 MeV corresponds
to a momentum of of 80 MeV for pions, which is near the top range of pions
entering the degrader.
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Figure 10: Each line represents a di↵erent thickness, where the x-axis is only
the kinetic energy above the stopping energy for that thickness. This chart
demonstrates that the energy lost per millimeter decreases as the thickness
increases, but that must be weighed against the fact that the total kinetic energy
of the particles passing through the thicker samples is greater due to their higher
stopping energy.
Muon Energy Loss

Figure 11: Just as in the pion chart, the energy loss decreases as the initial
energy of the muons increase.
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Next, I ran several simulations for muons at energy levels above the stopping
energy, following the same process as I did with pions. While the energies were
much di↵erent, the overall patterns in the data were almost the same. Figure
11 is the dE/dx as a function of the incident kinetic energy above the stopping
energy for muons at each of the same thicknesses. The data trends the same
way as for pions, though the actual numbers are di↵erent.
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Analysis

Pions and muons follow very similar patterns when passing through matter.
When travelling with the same kinetic energy, muons are slightly harder to stop
than the larger pions, and therefore pions lose a bit more energy when passing
through aluminum than muons at the same initial momentum. A chart of the
final vs initial kinetic energy of pions and muons when passing through a 3.06
mm is shown in Figure 12, clearly showing that pions lose more energy after
passing through the degrader.

Figure 12: Both pions and muons lose energy, but pions are reduced by a greater
amount for every initial energy.
Not only do pions lose more energy in general, they loose more energy per
millimeter of aluminum. This means that for thinner degraders, like the one
shown in Figure 12, pions lose more energy than muons by a small amount. For
thicker degraders, such as the 4.29mm sample shown in Figure 12, the energy
loss di↵erence between the two particles is greater. This is likely because pions
of a given kinetic energy are actually travelling slower than muons for the same
kinetic energy. These slower pions then lose more energy while passing through
the degrader, suggesting that energy loss is directly related to initial velocity,
and in turn initial kinetic energy.
Next, in order to make this data more useful, I attempted to create an
equation that accounts for the energy loss of each particle traveling through
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aluminum as a function of the two input variables: aluminum thickness and
the initial kinetic energy of the particle. The thickness does seem to be directly
proportional to the energy loss, while the initial energy is inversely proportional.
Using a solver on Microsoft Excel, I was able to make a predictive model that
lines up fairly accurately with the actual data. The following table gives these
models, for each particle. Thickness is measured in millimeters and Ki in MeV.
Particle
Pi
Mu

Predicting Energy Loss
Energy Loss
E = 28.45 ⇤ (thickness/Ki )
E = 22.65 ⇤ (thickness/Ki )

It appears that the energy loss follows a simple pattern, and note that the
constant multiple at the beginning must be in units of (M eV )2 /mm. Also note
that this equation may not be true for all thicknesses at relativistic energies, but
for the thickness range we are considering for the mu2e degrader, and the energy
range of the particles entering the detector (Figures 4 and 5), this equation will
hold.
While at first the constant multiples in the table seemed like arbitrary numbers, it turns out that the ratio of the two numbers is very close to the ratio of
the masses of pions and muons, 28.45/22.65 = mpi+ /mmu+ . This would suggest
that the di↵erence in these two constants can be explained by the mass di↵erence of the particles. Further, for non-relativistic speeds, the kinetic energy is
equal to (1/2)mv 2 . Substituting this value in for the kinetic energy allows me
to cancel out the masses. The following table gives the energy loss, substituting
mass and kinetic energy into the equation. Note that stands for the velocity
as a fraction of the speed of light, = v/c.
Particle
Pi
Mu

5

Predicting Energy Loss
Energy Loss
E = 0.408 ⇤ (thickness/( )2 )
E = 0.429 ⇤ (thickness/( )2 )

Conclusion

The energy loss due to the degrader was inversely proportional to the incident
kinetic energy, or inversely proportional to the square of the incident velocity.
I was also able to derive an equation for the energy loss as a function of the
thickness of the degrader and the initial kinetic energy, accurate at least over the
interval of interest. Further study could be done to determine if this relationship
is still true for much thicker samples, or much higher energies.
It is also notable that when substituting the mass of the particles into the
equation, the equations appear to have almost the same factor multiple (in the
last table). This factor is likely related to the properties of aluminum, such
as density, and will almost assuredly change for di↵erent materials used. More
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research would have to follow to determine if there are other variables a↵ecting
this factor.
Applying these findings to the mu2e experiment, each size degrader will have
very di↵erent e↵ects on the number of pions stopped and the number of muons
allowed into the detector. If, for example, the 2.45mm degrader was used in the
experiment, we can use the data from these simulations to determine energy
range of the pions and muons after passing through the degrader. All pions
below the stopping kinetic energy, 9.37 MeV, will be stopped. The average
kinetic energy of the pions before the degrader is 15.35 MeV, which will be
reduced to 10.8 MeV (using the model equation). All muons below 8.32 MeV
will be stopped, which is a little less than half of the muons, while the average
kinetic energy muon, at 9.96 MeV, will be lowered to around 4.39 MeV. This
shows that even a relatively thin degrader has a large e↵ect on the energy of
pions entering the detector, and maybe an even larger a↵ect on the number of
muons. The 4.90 mm degrader, for example, stops almost two thirds of the
muons headed toward the target, but probably stops too many of the pions as
well to be useful in the mu2e calibration experiment.
Dr. David Hedin has also performed similar, more complex Monte Carlo
simulations assessing the number of pions and muons that will be stopped in
the target during the Mu2e experiment after passing through di↵erent degrader
types. The table below summarizes his findings to date, showing the e↵ects
of di↵erent thicknesses of graphite degraders, an aluminum degrader, and no
degrader on the number of pions and muons stopped in the target. Note that
DS is for detector solenoid (the region that contains the target), ⇡+ and µ+
stopped refers to the number of particles stopped in the target, and µ+ DIF
means the number of muons decaying in flight (creating background noise).
E↵ects of di↵erent degraders on ⇡+ and µ+ stopped in target
Degrader type
⇡+ entering DS ⇡+ stopped µ+ stopped µ+ DIF
no degrader
1479
41
147229
1974
2.86mm Graphite
1518
179
66250
1039
5.72mm Graphite
1394
143
32547
515
2.29mm Al
1494
144
75520
1091
We see here that adding a degrader significantly increases the number of
pions that can be stopped in the target by lowering the energy of the pions to a
range that can be stopped in the target. Additionally, increasing the thickness of
the degrader of a given material reduces the number of muons stopped and the
number of muons decaying in flight (as seen between the two graphite examples),
which will help reduce noise. For this reason, an aluminum degrader will be
chosen that increases the number of pions stopped while keeping the number of
muons stopped and decaying in flight as low as practical.
The job of determining exactly what thickness will be best for mu2e will
be decided by the Fermilab Mu2e experiment team, though I expect it will fall
somewhere within the thicknesses used in this report. The complex trajectory of
the particles leaving the transport solenoid makes it difficult to predict exactly
14

what energy range will be desired. This data will give the scientists at Mu2e
a comprehensive explanation of exactly how the degrader a↵ects the energy
ranges of both muons and pions, as well as documenting the behavior of pions
travelling through aluminum.
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